Abstract
INTRODUCTION

1
A key innovation in the evolution of seed plants was the origin of the hermaphroditic 2 flower, where both male and female sexual functions occur in the same complex 3 structure (the flower; Stebbins, 1974; Endress, 1996) . However this innovation created a 4 significant problem: sexual conflict, where the function of one sex is compromised by 5 the proximity and function of the other (Lloyd and Webb, 1986; Barrett, 2002; 6 Armbruster et al., 2009b) . This led to a further fundamental challenge in the function of Herkogamy and dichogamy are thus thought to function mainly to reduce sexual 17 interference between male and female function in hermaphroditic flowers (Lloyd and 18 Yates, 1982; Lloyd and Webb, 1986; Webb and Lloyd, 1986; Barrett, 2002) . However, 19 successful pollen transfer depends on stigma contact at the site on a pollinator's body 20 where pollen grains are placed, which may be impossible when flowers are 21 herkogamous. Thus, selection for pollination accuracy may operate in the opposite 22 direction to selection against sexual interference. Other things being equal, we expect it 23 to reduce the spatial separation between anthers and stigmas in herkogamous flowers 24 (Armbruster et al., 2009b) . Although Lloyd and Webb (1986) recognized that avoidance 25 of sexual interference may involve a conflict with pollination accuracy, very few studies 1 have shown how herkogamy and dichogamy can interact in homostylous species to 2 reduce interference between pollen removal and pollen receipt and yet maintain a 3 degree of pollination accuracy (Armbruster et al., 2009a; Armbruster et al., 2009b) .
4
In their simple manifestations, dichogamy and herkogamy differ in their effects on 5 pollination accuracy in that dichogamy allows pollen and stigmas to be presented in Loasaceae, Rutaceae, Celastraceae/Parnassiaceae, and Tropaeolaceae (see Ren, 2010; 8 Henning and Weigend, 2012; Ren and Tang, 2012) . In Parnassia, stamen movements 9 have been noted in P. palustris in Europe over two centuries, for example by Sprengel 10 (1793), Gris (1868), Bennett (1869), Arber (1913) and Martens (1936) . These authors 11 observed that the five anthers presented pollen one by one at the flower centre on 12 different days and then bent away and down to overlie the petals before the stigma was 13 exposed. Recent pollination experiments on this protandrous herb showed that it was 14 self-compatible but fruit and seed production largely depended on pollination by a 15 variety of insects, especially flies (Martens, 1936; Sandvik and Totland, 2003) .
16
However, the exact temporal and spatial pattern of pollen presentation and movement of 17 anthers has not been documented in any Parnassia species. Nor has the effect of such 18 complex movements on pollination accuracy been investigated previously.
19
Adaptive accuracy measures how close a population is to its adaptive optimum and/ 20 or where it fits on the governing adaptive surface, while taking into account phenotypic 21 variation in the population (Armbruster et al., 2004; Hansen et al., 2006; Pelabon et al., 22 2012 ). This concept is readily applied to floral morphology of animal pollinated plants 23 under the assumption that the optimum geometry of flowers is one that causes anthers 24 and stigmas to contact pollinators in the same location, promoting pollen transport to 25 7 stigmas and pollen receipt by stigmas, respectively (Armbruster et al., 2004 (Armbruster et al., , 2009a Armbruster et al., 2009b) .
9
To evaluate the effect of partial dichogamy and movement herkogamy on 2003), the staminodes bear nectar near the base of the inner surface (Fig. 2) . 
19
In two flowers that opened on plants in a small patch of turf kept indoors, the 20 stamens behaved differently. In the absence of insect visitors they retained apparently 21 fresh pollen until day 5, and they often remained in position above the stigma for more 22 than one day (so that there were two or three anthers above the stigma on 4 out of 6 23 flower-days). After straightening to lift the anther away from the stigma the filaments 24 sometimes remained vertical for one or two days before bending outwards horizontally, 1 a situation that was rare in the field. perhaps because these were warmer than the ambient air. In ten sequences of ten 10 measurements inside and outside a sunlit flower, the mean air temperature in the centre 11 of the flower was always higher (by up to 2.95 o C) than the ambient temperature.
12
Of a total of 561 insect visits to Parnassia flowers in 50 10-minute sessions, 13 most (84%) were made by Diptera, most of which were more than 3mm long ( to bias and 0.5% due to imprecision; Fig. 3 ).
20
Pollination experiments
21
A two-way ANOVA showed a significant effect of treatment on seed set (p < 0.0001), Welch two-sample t test). We conclude that bagging to exclude insects reduced seed set. pollen ("pollen limitation"). The movement of the anthers into the "correct" position for dehiscence, by 3 elongation of the filament, dramatically increases the male adaptive accuracy (Fig. 3) .
4
In contrast, if the anthers still contained pollen, post-dehiscence movement would 5 dramatically decrease adaptive accuracy (Fig. 3 ). This would be another factor 6 favouring condition-dependent organ movement describe above. Elongation of the style 7 just before apparent stigma receptivity also markedly increases female adaptive 8 accuracy compared to an un-elongated style. The inaccuracy measure then again 9 increases moderately in the post receptive period with further elongation of the pistil 10 ( Fig. 3) , although , because the fruit is already developing, this "inaccuracy" no longer
11
has an adaptive cost.
12
One characteristic that distinguishes P. epunctulata from many other Parnassia 13 species is that the staminodes are tightly integrated into a cuplike ring rather than being secreted at the bottom of this cupule, the staminodes control, to some extent, which 17 insects can gain access to it, and what orientation they must assume, forcing them up 18 against the pollen-bearing anthers or receptive stigmas as they probe for nectar (Fig. 2) .
19
In this way the integration of the staminodes into a ring further increases the accuracy of receiving cross-pollen, thus raising the adaptive accuracy of pollination.
16
Successive stamen movements have been reported previously in the Loasaceae,
17
Parnassiaceae, Rutaceae and Tropaeolaceae (Ren, 2010; Henning and Weigend, 2012; 18 Ren and Tang, 2012). (vertical plus horizontal planes) and was calculated using the Euclidean distances. 
